The electronic structure of metal clusters is notoriously difficult to detect spectroscopically, due to rapid relaxation into the ground state following excitation. We have used IR multiple photon excitation to identify a low-lying electronic state in a tantalum carbide cluster. The electronic excitation is found at 458 cm −1 , and is confirmed by experiments on isotopically labeled clusters. Timedependent density functional theory (TD-DFT) calculations confirm the current assignment, but a second predicted electronic state was not observed.
allowed for the detection of electronic states in the neutral cluster through evaluation of the kinetic energy of the emitted electron. It should be noted, though, that the only neutral states which can be probed in photodetachment spectroscopy are those which are Frank-Condon accessible from the anion geometry, which is not necessarily that of the neutral [1, 2] .
For neutral clusters, the spectroscopic characterization of electronic structure is complicated by the need to absorb a further photon to ionize and massspectrometrically detect clusters. The possibility to absorb this second photon is hampered by a rapid relaxation of the excited state, especially for clusters containing transition metal atoms, whose partly filled d-shells give rise to a very large number of electronic states. It is perhaps illustrative that conventional spectroscopic techniques to probe electronic structure, such as resonanceenhanced multiphoton ionization -standard for large organic molecules (for instance Gramicidin, C 99 H 140 N 20 O 17 [3] ) -have not been successful for systems larger than metal dimers or trimers [4] .
In a recent work, we have studied how the excitation of pure vibrational coordinates can be followed by a relaxation into electronically excited states through vibronic coupling. This way, low-lying electronic states are revealed by the appearance of extra structure in the photoionization spectrum [5, 6] . The electronic states had energies of approx. 0.3−0.5 eV above the ground state, and their detection efficiency was consistent with a thermal occupation, requiring the absorption of a large number of IR photons. Of course, the reverse of this process, dissipation of electronic excitation energy by vibrational coordinates is widely known, for instance as the origin of IR emission by interstellar molecules [7, 8] . It is thus not unreasonable to expect that purely electronic transitions could be detected, having the same signature as vibrational transitions. Here, we report such an observation, namely the direct detection of a low-lying electronic state.
We detected this low-lying electronic state in the neutral Ta 5 C 3 tantalum carbide cluster through IR-UV spectroscopy in the 300-800 cm −1 IR spectral range. The experimental instrument shown in Figure S1 was described in detail in Ref. [9] . Briefly, TaC clusters are produced by laser ablation of solid tantalum in the presence of helium seeded with 1 % methane, similar to previous studies on these clusters [10, 11] . The carrier gas is pulsed into a clustering channel allowing for tantalum carbide formation until the mixture of clusters and carrier gas expands into vacuum, forming a molecular beam. The beam is collimated by a 2 mm skimmer before being further shaped by a 1 mm diameter aperture. Before the aperture, all charged species are deflected out of the beam by two electrically biased plates.
The clusters are irradiated by an IR laser pulse produced by the FELIX free-electron laser [12] based at Radboud University, Nijmegen, the Netherlands, before being ionized by a ns duration pulse of a frequency-doubled dye laser. It is important to note that the IR pulse consists of a 12 µs duration pulse train of transform limited ps duration pulses, with a 1 ns time separation. This pulse structure has in the past been a decisive factor in efficiently pumping of vibrations [13] , thereby allowing the time in between pulses for an energy transfer into the vibrational bath assisted by the intramolecular vibrational relaxation (IVR). TaC clusters are known to exhibit a strong coupling between vibrational and electronic systems which can, if a vibration is pumped with sufficient IR light, result in thermionic emission [11] . We here attenuate the IR laser sufficiently to suppress all direct ionization. The wavelength of the probe laser is tuned to 258 nm (4.80 eV/photon ). This is chosen close to, but still below the photoionization threshold of 4.81 ± 0.05 eV reported Ta 5 C 3 [14] . The UV pulse energy is reduced to 100−120 µJ, in order to avoid extensive multiphoton ionization. After interaction with both lasers, all ions formed are extracted into a reflectron time-of-flight mass spectrometer with a mass resolution M/∆M ≈ 1800 and registered on a multi channel plate detector. The experiment is operated at twice the FELIX frequency, allowing to record mass spectra with and without IR excitation in a shot-to-shot manner.
The experimental IR spectrum for Ta 5 C 3 is depicted in Figure 1 (a). The data are presented as the gain, defined as the normalized difference of ions detected with (I ir+uv (ω)) and without (I uv ) IR radiation as
at IR frequency ω. The spectrum is shown in two parts, where the 100−350 cm −1 region is scaled to enhance visibility of the structure. This part was recorded at 2.5−16.4 mJ IR pulse energies, while in the 350−900 cm −1 region the pulse energies range from 0.04 to 0.09 mJ. Both parts of the spectrum are IR power corrected. In the low-energy one, we distinguish at least 3 peaks with maxima at 137, 156 and 192 cm −1 . In the high-energy region, we observe maxima at 458, 570, 610, 667, 742 and 854 cm −1 .
To interpret the spectra, we carried out Density Functional Theory (DFT) calculations. To master the wealth of possible geometric structures, we employed a genetic algorithm (GA) [15] that controls the Vienna ab-initio simulation package (VASP) [16] , and found three lowest in energy candidates. To verify the structures are true minima and to compare to the experimental spectra, the selected isomers were further optimized in VASP, and the harmonic frequencies were calculated. Clusters are placed in a 20Åperiodic box, and standard recommended projector augmented wave (PAW) potentials [17, 18] with an energy cutoff of 400.0 eV and a single k point (Γ) are used. All forces were minimized to below 10 −3 eV/Å. Since bulk TaC is metallic and superconducting at low temperatures [19] we use the Perdew, Burke and Ernzerhof (PBE) functional [20] . As can be seen in the supplementary materials, the comparison between experimental and theoretical spectra using different functionals confirms that the Ta 5 C 3 cluster is best described by the PBE functional.
The calculated IR spectra for the three lowest-energy isomers are presented in Figure 1 (b-d). Isomers are characterized with their relative energies with respect to the lowest-energy structure (isomer A), taking into account the zeropoint vibrational energy. The vibrational frequencies presented are unscaled and depicted by red sticks, as well as by a convolution (blue) with a Gaussian line shape function with a 15 cm −1 width (FWHM).
All three lowest-energy isomers found for Ta 5 C 3 are based on a trigonal Ta 5 bipyramid, whose equatorial plane is represented by an isosceles triangle. The triangle does not act as a mirror plane for the bipyramid as the two pyramids that it separates are not identical. However, a mirror plane perpendicular to the equatorial plane is present for all the isomers and results in a C s point group symmetry for each structure.
The lowest-energy isomer A found here confirms previously reported results [14] and consists of one pyramid where each face is capped with a C atom, while the other pyramid remains uncapped. Structures B and C are found at substantially higher energies (+1.320 eV and +1.323 eV with respect to A, respectively) and have a more spread-out distribution of the C atoms. Therefore, the energetics of the calculated structures already heavily favor structure A. Additionally, the comparison between calculated and experimental vibrational spectra also points at the presence of this structure. Each of the seven experimental resonances indicated by dashed lines are also found in the calculated vibrational spectra (blue) of A, and none of the pronounced calculated resonances is missing. One would thus be tempted to assign the spectrum of Ta 5 C 3 directly to structure A, were it not for the looming presence of the pronounced band centered at 458 cm −1 .
If not vibrational, what is then the origin of this band? For this, we note that in our earlier work on niobium carbide clusters, we found low-lying electronic states at 0.35 eV [6] , and that the TaC dimer anion exhibits an electronic state at 0.362 eV [21] . It is thus not unreasonable to suspect that Ta 5 C 3 can also exhibit such low-lying states. The energies of the Kohn-Sham orbitals for isomer A obtained employing the ground-state DFT calculations strengthens our hypothesis.
To investigate this aspect computationally, we employed linear response time-dependent DFT (TD-DFT), a perturbative extension of regular DFT for time-dependent, oscillating external potentials [22, 23] , to calculate the twenty lowest electronically excited states and their associated oscillator strength. This method has been demonstrated to yield satisfactory electronic excitation spectra for finite systems [24] . We used TD-DFT as implemented in ADF2016 [25, 26] , at the PBE/QZ4P level (no frozen core), using the zeroth order regular approximation to account for the relativistic effects. Since ADF uses Slater-type orbitals rather than plane waves as basis, each isomer was re-optimized. The geometry re-optimization resulted in an average difference in coordinates of less than 0.006Å and a 0.5 meV difference in the lowest electronic excitation energy. To ensure consistency, we recalculated the vibrational spectrum, which was essentially identical to the VASP calculated one.
The excitations found are displayed in Figure 3 , and a surprisingly good match is found for the lowest A excitation, at 59 meV or 476 cm −1 , comparing very favorably with the experimentally found 458 cm −1 . The electronic transition has an oscillator strength of 2.8 · 10 −4 , and the corresponding transition dipole moment is oriented perpendicular to the equatorial Ta 3 plane. Note that we also converted the oscillator strength into the absorptivity which we plot on the same scale with the vibrational transitions in Figure 1 (b) , in green.
To experimentally verify the hypothesis that the 458 cm −1 resonance corresponds to an electronic transition, we used isotopic substitution of the carbon atoms to study a possible frequency shift of the band. By seeding the helium carrier gas with a 1:1 mixture of 12 CH 4 and 13 CH 4 we produce a 1:3:3:1 distribution of Ta 5 12 C 3 :Ta 5 12 C 2 13 C:Ta 5 12 C 13 C 2 :Ta 5 13 C 3 , as is shown on panel (c) of Figure 2 . By creating this isotopic mixture, a simultaneous measurement of the vibrational spectra of Ta 5 C 3 with 12 C and its fully substituted 13 C isotopologue is enabled, reducing uncertainties in calibration. The simultaneous measurement is at the expense of the number of produced clusters per carbon isotopologue. To compensate for this, we increased the IR laser pulse energy to 0.3-0.4 mJ, which could lead to a slight broadening of the observed bands, but does not change the peak center position. We fit the most pronounced peaks to a Gaussian line shape function (indicated by the thick solid lines in Figure 2 (a)) to determine the band centers. From this procedure, we find that the three highest energy bands shift roughly by 20−30 cm −1 , while the 458 cm −1 band only exhibits a negligible shift. This confirms the electronic nature of the band as the electronic transition is in first approximation insensitive to isotopic substitution. For completeness, we also calculated the electronic energy transition for Ta 5 13 C 3 and found it to be identical to that for Ta 5 12 C 3 . It is of course not a surprise that cluster systems, with their wealth of possible electronic configurations, exhibit low-lying states. However, to the best of our knowledge, this is the lowest directly detected electronic state. Moreover, the method of detection, i.e., through IR-multiple photon excitation appears to be the key. If the IR excitation frequency is fixed, and the UV photon energy is modified, a rather broad enhancement in gain is observed ( Figure S4 ), regardless of whether electronic (458 cm −1 ) or vibrational (742 cm −1 ) bands are excited. Both of these UV spectra are similar to the curves presented earlier for clusters excited vibrationally [5, 6] . This points at a statistical redistribution of the energy over the vibrational states absorbed in the electronic excitation detected in this work.
Closer inspection of Figure 3 reveals a second electronic state (A") that is within the spectral range covered by FELIX. Observation of this second line would confirm the assignment to an electronic state beyond any possible doubt. Unfortunately, this observation was not done, as shown in the SI. Before starting to doubt the accuracy of the used DFT functionals, one could also speculate the mechanism underlying the detection of the pure vibrational bands. Here, the choice of probe wavelength plays a role: by tuning it just below the ionization threshold, it either probes population in excited vibrational states ("hot bands") or population in an excited electronic state. If the latter were the case, it is likely the same energy level as predicted at 458 cm −1 , implying a population transfer from (the bath of) vibrational states. One can now wonder whether the coupling between the vibrational states to different electronic states is the same; given the missing electronic band at higher frequencies, we speculate that this coupling may simply be not as strong as for the low-lying state.
Conversely, one can also wonder whether it is the closeness of the low-lying electronic state to the "bright" vibrational states leads to an enhanced vibronic coupling. While we are unable to predict this strength, or its consequences, we do note that in our experiments to probe vibrational bands of Ta 5 C 3 we used IR pulse energies that were an order of magnitude lower than required for observation of the vibrations for niobium carbide clusters [6, 27] ), even though the calculated IR intensities are similar. We believe that the possibility to use such a low pulse energy in the case of Ta 5 C 3 is enabled by the presence of the low-lying electronic state, providing an enhanced intramolecular energy redistribution process.
In conclusion, we performed spectroscopic investigations of the Ta 5 C 3 cluster in the far infrared spectral region, and have unequivocally observed a direct transition to a low-lying electronic state. This is evidenced by excellent agreement between calculated and experimental vibrational spectra for the lowest energy calculated isomer, as well as by experiments on 13 C labeled Ta 5 C 3 clusters. During the investigations, the electronic band exhibited no shift, while for the observed vibrational bands the predicted change in frequencies was in an excellent agreement with theory, although a second electronic band was not observed. 
